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Starting reSearch
The practical aspects of the physics courses had interested Uli most, and an outstanding performance in the final practical encouraged him to approach Bragg about the possibility of a research position in the Cavendish Laboratory. He was offered a project in the Department of Crystallography, headed at that time by Henry Lipson (FRS 1957) , who became his PhD supervisor. Financed by the Electrical Research Association, the work involved crystallographic and magnetic measurements on iron-copper-nickel alloys thought suitable as improved materials for permanent magnets. Uli quickly decided that the photographic methods in use at the time were too tedious and inaccurate, so he set out to build a new X-ray tube and an X-ray spectrometer of a then quite novel type. It was thus right at the beginning of his * Numbers in this form refer to the bibliography at the end of the text. research career that he started to design and construct equipment for X-ray crystallography, an endeavour he was to pursue for the rest of his life. When Lipson moved to Manchester, the new Head of Department, Will Taylor, became Uli's research supervisor.
By the time his grant ran out in 1948, his instrument was far from complete and he had made only one set of highly dubious measurements. Fortunately he had established contact with Alan Wheeler and Wally Hall in the Department of Metallurgy in Birmingham University. They invited him to join them as a Research Fellow to collaborate with them on the construction of an X-ray powder spectrometer for the investigation of metal structures. They were quickly able to assemble a precision Geiger counter spectrometer, which was a world first as far as publication was concerned (1). The description of the instrument and a discussion of the results obtained with it gave Uli sufficient material to complete his PhD thesis, which was successfully examined in November 1949.
at the royal inStitution, 1950-63
Shortly after this, Uli bumped into Dennis Riley, a former Cambridge colleague from the Department of Mineralogy and Petrology, who was by now working at the Royal Institution (RI) in London. He was trying to build a small team in the Davy-Faraday Laboratory to work on the structure of proteins and he offered Uli a job. When Uli arrived at the RI he found a laboratory steeped in history but in practical terms overwhelmed by it. The 50 kW X-ray tube dating from the 1930s in the basement, a room previously used by Michael Faraday and Sir James Dewar, was believed to be the largest in the world but proved unreliable and difficult to use. Moreover, Uli soon showed, by using one of his Geiger counter detectors, that the high-power X-ray source delivered less intensity at the sample than did a conventional sealed-off commercial tube. Uli managed to persuade those in authority to replace the tube with a compact 5 kW rotating-anode X-ray tube that he had designed. He also produced some of the first proportional counters, which had a greater dynamic range for X-ray detection than the Geiger counters he had been using. By continuously flowing the appropriate gas mixture through the counter, he avoided the need for high-vacuum techniques, so the apparatus could be constructed from the bits and pieces in the RI store cupboards left over from Dewar's gas liquefaction experiments.
At that time in the early 1950s little was known about the structure of proteins, and it was not clear that the crystallographic efforts of Max Perutz (FRS 1954) and others would yield useful information. It had been known for many years that hydrated protein crystals diffracted X-rays sufficiently well for their detailed structure to be determined in principle. The diffracted beams from a crystal can be thought of as spots lying on a regular three-dimensional so-called reciprocal lattice, and given an appropriate method of recording they can be seen as such (figure 1a). However, an X-ray diffraction experiment yields only the intensities of the diffracted beams and not their relative phases, which are essential if a three-dimensional molecular structure is to be computed by Fourier synthesis. It was not until 1953 that Perutz and colleagues demonstrated the feasibility of isomorphous phasing for protein crystals (Green et al. 1954) . In this technique heavy atoms are bound to specific sites in the protein crystal without otherwise changing the structure, hence the epithet isomorphous. The bound heavy atoms lead to changes in intensity of the diffracted beams, which can then be used to determine the missing phases and hence the structure of the protein. The first protein structure to be determined in atomic detail was myoglobin by J. S. (later Sir John) Kendrew FRS and colleagues in 1960 (Kendrew et al. 1960) .
Against this background Arndt and Riley, using the X-ray equipment that Uli had just developed, collected diffraction data on many different non-crystalline biological materials. In 1951 Linus Pauling ForMemRS and colleagues had published their model of the α helix as a common constituent of proteins and had shown the radial distribution function calculated from their structure (Pauling & Corey 1951) . At the RI they were now well set up to determine such distribution functions from their experimental X-ray scattering curves for amorphous freezedried proteins and synthetic peptides. The very first distribution they obtained from bovine serum albumin agreed very well with the prediction from the Pauling model (2). Indeed, there was surprisingly good agreement for most globular proteins with the α helix but not for the β proteins such as silk fibroin (3) . In the light of later knowledge the agreement was largely fortuitous, because they predicted a high α-helical content for proteins that sometimes turned out to contain no α helices.
However, the arrival in 1954 of Sir Lawrence Bragg as Director of the Davy Faraday Laboratory at the RI and the departure of Dennis Riley led to a switch of Uli's interests from low-angle scattering to the study of single crystals of proteins, an ultimately far more powerful technique. The switch to single crystals was reinforced by the arrival at the RI in 1955 of David (later Lord) Phillips (FRS 1967) , and a fruitful collaboration ensued. To collect X-ray diffraction data, the protein crystal and X-ray detector have to be oriented appropriately for each reflection in turn. This is achieved by mounting the crystal on an instrument called a diffractometer. Uli constructed a hand-operated three-circle counter diffractometer (figure 2), but the difficulty in those days of computing the required crystal and counter settings (4) was such that it was awkward to use, the nearest available computer being EDSAC II in Cambridge. However, the instrument was used by Perutz and colleagues to collect data for the initial 5.5 Å map of haemoglobin (Perutz et al. 1960) . These difficulties led Arndt and Phillips to a completely different approach to data collection and to the invention of the linear diffractometer (5). The instrument was partly designed by air-mail exchanges, because Uli was spending an otherwise scientifically not very productive sabbatical year in Madison, Wisconsin. This was the first fully automatic diffractometer and it was manufactured under licence by Hilger & Watts Ltd, who sold about 100 of the machines worldwide. The machine in effect incorporated an analogue computer by means of which the settings of crystal and counter were generated by the instrument itself, given only the cell parameters of the crystal under investigation. The 'computer' comprised a mechanical model of the reciprocal lattice composed of three slides representing the reciprocal-lattice axes to which the motions of the crystal and counter were linked. Once the crystal had been correctly oriented with respect to the slide system, any reflection could be found by setting the appropriate positions on the three slides, and the crystal and counter would automatically take up their correct positions. This facility made the automatic operation of the diffractometer for measurement of the complete diffraction pattern a relatively simple matter. Various schemes of automatic operation were possible, none of which required the preliminary calculation of angular settings, as was necessary for the three-circle diffractometer. In particular it was possible with the slides to measure the X-ray intensity distribution along lines in reciprocal space-hence the name 'linear diffractometer'-either continuously or in sequence at the points of the most densely populated reciprocal lattice rows. Uli describes how he once demonstrated the instrument to P. P. Ewald (FRS 1958), well known for his introduction of the Ewald sphere construction to describe the diffracting conditions from a crystal. Uli presented the diffractometer as a child of the Ewald sphere and therefore as Ewald's grandchild, but the great man objected to being credited with the ancestry of such an ugly grandchild! The instrument was used to collect some of the data used in Kendrew's initial 6 Å map of myoglobin, the first protein crystal structure to be solved (Kendrew et al. 1958 ). However, the linear diffractometer did not have a long life: digital computers were becoming increasingly available and could be used for automatic shaft-setting procedures on the axes of three-circle or four-circle diffractometers, thereby enabling greater flexibility in data collection. One of Uli's first home-built automatic three-circle instruments was controlled by a Ferranti machine tool controller, which was fed with setting information via five-hole paper tape and produced the results of intensity measurements via a paper tape punch. A collaboration with B. T. M. Willis at the Atomic Energy Research Establishment in Harwell, who was doing neutron diffraction, resulted in a much better engineered diffractometer, which was also run by Ferranti three-axis controllers (6) . The mechanical design of this neutron diffractometer was adapted by Hilger & Watts Ltd to produce an X-ray version that was for many years a workhorse in protein crystallography. In the end it achieved adequate reliability when the tape input and output were replaced by direct links to digital computers. The collaboration with Willis also led to the publication in 1966 of a monograph entitled Single crystal diffractometry (7), which remained a standard work on the subject for many years.
laboratory of Molecular biology, caMbridge
Uli's pioneering work in instrumentation and automation had not gone unnoticed, and in 1962 he was invited by Perutz to join the newly opened Medical Research Council Laboratory of Molecular Biology (LMB). The family moved to Cambridge in early 1963. This was an exciting time because Perutz and Kendrew had recently been jointly awarded the Nobel Prize in Chemistry for their development of protein crystallography to the point at which structures could be solved. However, the process was still very labour intensive, because automation was still in its infancy. It was to be Uli's job to improve this situation by instrument development.
The relatively large size of the unit cell in protein crystals, compared with small-molecule crystals, means that when a crystal is in a diffracting condition for one reflection many other reflections are simultaneously excited. On a diffractometer with a counter, only one of these reflections can be measured at a time, meaning that the process is inefficient and takes a long time, but more importantly that the crystal suffers excessive radiation damage because only a few of the diffracted X-rays are being detected. An alternative is to record the diffraction pattern on film, which acts as an area detector that simultaneously records all the diffracted beams falling on the film. A camera such as the Buerger precession camera has a mechanical linkage and a layer-line screen arrangement that allows the user to record a section of the three-dimensional diffraction pattern in a way that shows the diffracted beams on a regular two-dimensional lattice of spots (figure 1a). It is convenient to have the reflections of a single layer recorded as a so-called precession photograph in this regular manner, but the use of a layer-line screen still means that not all diffracted beams are recorded. The degree of blackness in each spot corresponds to the intensity of that diffracted beam, and the integrated optical density of each spot has to be measured to solve the crystal structure.
When Uli came to the LMB, the process of measuring such films was performed laboriously with a Joyce-Loebl scanning densitometer. This involved manually setting the densitometer to run accurately along each line of spots in turn to produce an ink trace showing the optical density at each point along the scan, from which the peak height could be measured with a ruler. On the assumption that the spot shape was invariant, this peak height was proportional to diffracted intensity. The indices and intensity of each spot then had to be punched onto a computer card for further processing. The whole process was labour intensive and potentially prone to error.
A Ferranti Argus process control computer had been installed at the LMB in 1964 to run the diffractometers. A high-resolution cathode ray tube (CRT) plotter was included as part of the installation, with the idea that it could be used for plotting contour maps of sections of electron density maps once a protein structure had been solved. Previously this had been done by hand from printed computer output. Once the plotter was running, the idea arose that it could be used as a light source for a flying-spot microdensitometer to automate the measurement of X-ray films. Uli was closely involved in the design and construction of such a device, the first of its kind (8).
The basic principle is that the spot of light on the CRT is imaged onto the film and the intensities of the incident and transmitted beams are measured by photomultipliers ( figure 3 ). The optical density at that point on the film can be estimated from the logarithm of the ratio of these intensities. As the spot is moved by computer to successive points across the face of the CRT, the sampling spot moves correspondingly across the film, thus enabling the optical density to be read out at any point on the film. Because the set-up can give random access to any point on the film, much of the processing of the data can be done on the fly, unlike a mechanical drum scanner where a complete scan has to be made before subsequent processing. The light output from the phosphor on the CRT varied from point to point, so it was necessary to use a split-beam arrangement for photomultipliers to measure incident and transmitted light simultaneously. The outputs were fed to a novel logarithmic analogue-to-digital converter, for which a patent application was made by Uli and Frank Mallett. The computer program to measure precession films was designed to make small rasters over each diffraction spot in turn, with other smaller rasters to estimate the local background. The integrated backgroundcorrected density of each spot, together with its indices, was then written to magnetic tape for further processing. The whole process was much faster than the manual method, and the data produced were also more accurate.
Although fast and convenient for measuring the well-defined X-ray spots from single crystals, the CRT-based scanner was limited in its spatial accuracy, sampling spot size and optical density range. Accordingly, Uli was involved in the design of a completely different kind of scanner (9), which was intended for measuring X-ray diffraction patterns from fibres, such as tobacco mosaic virus. The scanner was based on a manual projection microscope in which the micrometer table was replaced by a computer-controlled coordinate table with lead screws driven by stepping motors. The logarithmic analogue-to-digital converter was similar to that used for optical density measurement in the CRT-based scanner. This scanner had a greater linear optical density range, better positional accuracy and a smaller sampling spot than the CRT scanner but was considerably slower.
A modified version of the CRT-based scanner was used by D. J. DeRosier and A. (later Sir Aaron) Klug (FRS 1969) for the digitization of electron micrographs for the first threedimensional maps made from micrographs (DeRosier & Klug 1968), thus starting the whole field of three-dimensional electron microscopy. The mechanical scanner was subsequently also used extensively for scanning micrographs, so developments in X-ray technology had a major impact in a different area of structural biology.
The availability of flexibly programmable film scanners raised the question as to the most efficient ways of collecting X-ray diffraction data. For small-molecule crystals with small unit cells, few diffracted beams are excited at any one position of the crystal; however, for proteins the unit cells are much larger and many reflections are simultaneously excited. Thus for small unit cells the single-counter diffractometer provides an efficient way of collecting data, but for protein crystals with large unit cells an area detector such as film provides a better approach. Uli records that he was giving a seminar at the LMB about these matters when Francis Crick (FRS 1959) asked him at what cell size the cross-over took place. This led Uli to make a more detailed quantitative analysis, which was published as an optimum strategy for measuring structure factors (10) . In the acknowledgements Uli thanked some colleagues for helpful discussions but later regretted that he had not mentioned Francis Crick, whose question had triggered his investigation in the first place.
Analysis of the type just described, coupled with the advent of programmable film scanners, led to the idea of using screenless oscillation photography for collecting data from crystals with large unit cells. In the late 1960s Uli's PhD student Paul Phizackerley investigated the potential of this method and, with Alan Wonacott, an instrument was designed and constructed (12) . There was now no need for the diffraction spots to be recorded on a regular lattice as produced by the precession camera. It was more efficient to record the diffraction pattern (figure 1b) by small, contiguous, oscillations of the crystal about an axis without the use of a layer-line screen, so that all diffracted X-rays at a given crystal setting could be recorded, thus maximizing the speed of recording and minimizing the radiation damage to the crystal.
The design adopted was chosen to make the mechanical arrangements as simple as possible, so that high precision and reproducibility of crystal movement could be achieved (figure 4) . There was thus a single axis for rotation of the crystal, with the incident X-ray beam normal to this axis. Introduction of an inclination axis would give a minimal increase in the amount of the diffraction pattern that could be measured from a single crystal but required a more complex design because the additional axis would have to intersect the rotation axis with great precision. A flat film format was chosen, because with a cylindrical film the crystal axis would have to be accurately positioned along the axis of the cylinder, which would be difficult to achieve with an automatic system for changing films. With large unit cells many contiguous oscillations are required to collect a complete set of data, so automatic changing of film between successive exposures is very desirable. In any screenless method the crystal movement corresponding to one exposure must be kept small to prevent the superposition of diffraction spots. This means that an appreciable proportion of the spots on any one exposure will be only partly recorded, because the whole of the spot will not have passed through the diffracting condition. The high potential efficiency of screenless photography can thus only be realized if it is possible to add the parts of a diffraction spot recorded on successive exposures to create an integrated intensity. For this to be possible the crystal rotation must be reproducible and sufficiently free from backlash, so great care was taken in mimizing backlash and eccentricity in the shafts. A variety of film holders could be used, but the standard one consisted of a turntable, which permitted the automatic recording of up to eight exposures. Holes drilled at identical positions in the backs of the various cassettes with an extra X-ray exposure provided fiducial marks for subsequent densitometry of the films. The demands on speed and accuracy for measuring the large numbers of films being generated led to the development of a hybrid film scanner that combined the speed of the old flying-spot densitometer for local scanning and spot integration with a mechanical stage for accuracy of positioning (Mallett et al. 1977 ). Uli was not directly involved in this part of the project. With further developments from the laboratory prototype, the Arndt-Wonacott camera was produced commercially by N.V. Enraf-Nonius, Delft, The Netherlands, and many instruments were sold for use with laboratory sources and at synchrotrons. An international meeting on the use of the rotation method was organized by David Blow FRS in 1975; the proceedings were published in 1977 as a monograph entitled The rotation method in crystallography, edited by Uli and Wonacott (13) . Besides acting as editors they both made major contributions to the contents, which described the use of the instrument and the ways of processing the resulting data. The monograph rapidly became the authoritative work on the subject and is Uli's most cited publication. Even today the rotation method of data collection remains the standard approach in protein crystallography and represents Uli's most lasting scientific legacy.
When Uli developed the film-based oscillation camera, he originally intended it to be only a temporary solution. He foresaw that electronic detectors would provide a far superior system, eliminating the requirement for time-consuming film loading, development and subsequent densitometry. He made the decision to base this new instrument on commercially available sensors, and after careful review of the field opted for the use of a television camera as the detector (11) . This led to the development of the X-ray TV detector, a venture that occupied Uli for the next 20 years. It also led to Uli and his family spending the year 1972-73 at the Institut Laue-Langevin in Grenoble, where he was invited to turn his expertise to neutron detectors. However, the institute had only a minor interest in biological problems, so after a year Uli decided to return to Cambridge.
From the beginning, progress was largely dictated by the technical limitations of the camera tubes, the image intensifiers and the computers controlling the detector. The limited size and sensitivity of commercially available camera tubes led to a design in which a phosphor faceplate was coupled to an image intensifier (to provide the required sensitivity), which in turn was optically coupled by a fibre-optic bundle to a silicon intensifier target (SIT) camera tube (14) . De-magnification was provided both electron-optically in the image intensifier and by the use of a tapered fibre-optic cone, and allowed the 64 mm by 48 mm active area to be matched to the 18 mm diameter SIT tube. The camera operated with the interlaced 625-line standard, and produced a digitized image of 512 × 512 pixels with a frame period of 40 ms. Individual frames were summed in a mass store unit before being written out to computer storage. Uli characteristically considered the optimum design for every component of the detector, from the phosphor to the camera tube. This involved a detailed analysis of the many potential sources of noise and allowed him to predict the best values for operational parameters such as the voltages applied to the image intensifier and the SIT tube, and the reference voltage for the analogue-to-digital converter. The importance of temperature stabilization, ideally at a temperature below ambient, was also realized and the instrument was modified accordingly.
All of the initial development was performed on a prototype instrument constructed with Uli's colleague David Gilmore entirely at the LMB, but in the early 1980s an agreement was reached with N.V. Enraf-Nonius to produce a commercial version of the detector, marketed under the name FAST, which was mounted on their CAD4 diffractometer with a kappa goniostat. The first of these was delivered to the LMB in 1983 and gave a substantial improvement in performance.
The use of an image intensifier and the SIT tube introduced significant spatial distortions in the images, and the sensitivity of the detector also varied across the active area. It was therefore necessary to develop spatial and non-uniformity corrections, and Uli's PhD student David Thomas played a major role in developing the procedures and particularly the software for achieving this. However, the sensitivity of the image intensifier to local magnetic fields required the spatial distortion correction to be recalibrated every time that the detector position was changed, which was a drawback. Providing the software to process the resulting images was also a significant challenge, and again David Thomas, by then a staff scientist, played a central role.
By 1990 there were more than 25 of these instruments in use for protein crystallography. This included one at the synchrotron radiation source at the Brookhaven National Laboratory in New York and another at the Daresbury synchrotron, UK, which must have been particularly satisfying for Uli; the potential use of synchrotron radiation for protein crystallography had been a serious consideration from the early days of the FAST development (15) and was one of the reasons that Uli had focused on a system based on a TV tube rather than on a multiwire proportional counter, because the global count rate limitations of the latter made it unsuitable for the high photon fluxes at synchrotron sources. However, the use of the TV camera tube also resulted in inherent limitations in performance, including stability issues and poor signal-to-noise ratios for weakly diffracting samples. As a result, by the mid 1990s the FAST had been largely superseded, first by image plate scanners and then by charge-coupled device (CCD) detectors, in spite of the fact that both of these had significantly longer readout times.
After Uli's official retirement in 1989, he returned to the area of X-ray generators, a topic that had formed a large part of his PhD thesis 40 years earlier. Having seen a variety of X-ray focusing optics at synchrotron sources, Uli started thinking about whether similar devices could be used to improve the performance of laboratory-based X-ray sources. His basic idea was for an X-ray source with a very small focal spot size combined with special X-ray mirrors that would be able to capture a much larger fraction of the emitted X-rays than conventional generators. This design would produce a beam of almost the same intensity for a fraction of the input power. With his characteristic rigour, Uli laid out the ground rules for such a system in his 1990 paper (16), considering a variety of different optical elements and the implications for the construction of the X-ray tube (figure 5). He then embarked on a very fruitful collaboration with Ladislav Pina and Adolf Inneman in Prague, who had experience in making similar mirrors for X-ray telescopes in Russian satellites. Using an electroforming technique, they were able to produce the very small ellipsoidal mirrors that were required, with internal diameters of a fraction of a millimeter. Uli prepared plans on paper for the X-ray tube itself, but fortuitously (through his wife Valerie) he renewed an old friendship with Jim Long and Peter Duncumb FRS, whom he had much earlier taught at Cambridge University and who were experts in electron optics and X-ray generation. Together they were able to produce a tube-mirror combination that gave an X-ray intensity at the sample that was similar to that of a conventional generator running at 100 times the power (17). This design was manufactured under licence by Bede Scientific Instruments, and one of the first devices was tested in 1998 by Uli and Anne Bloomer at the LMB. The Bede Microsource, running at the conservative power rating of 24 W, gave an intensity that was 25% of that achieved from a Rigaku generator (equipped with double Franks mirrors) running at 5 kW (18) .
Despite the promising beginnings for the Microsource, it was destined to be always chasing but never reaching the performance of the larger generators. Perhaps as a result of the influence of Uli's published work, commercial manufacturers were also developing generators operating with much smaller focal spot sizes. The development of multilayer focusing X-ray optics, particularly when used in combination with these generators, resulted in very significant improvements in intensity that could not be matched even by an upgraded Microsource. For biological crystallography, in which intensity is more important than efficiency of the generator, the Microsource was never an attractive alternative. As a result the sales were restricted to more specialist applications such as non-destructive testing. At one point there was interest in using the Microsource in the International Orbiting Space Laboratory to test the quality of protein crystals grown in microgravity, but these plans never materialized.
legacy
The scientific career of an instrument developer such as Uli Arndt represents a continual struggle to develop new systems with current barely adequate technology, only to see a completely new approach become viable. This happened many times in Uli's career. Thus many of his instruments became obsolete soon after becoming successful. However, Uli seemed to have the knack of conceiving and planning the next instrument while the current one was being completed, and in this way often managed to stay ahead of the game. One of the major changes during his career was the rapid development of digital computers and advanced electronics, which transformed the way in which scientific instruments were planned and constructed. His expertise was often called on more widely, and he was a member of the Crystallographic Apparatus Commission of the International Union of Crystallography from 1962 to 1964. Uli sometimes described himself as a 'tinkerer' but always regarded himself as supremely fortunate to be paid to do something he loved in an outstandingly supportive and stimulating environment. His contributions, recognized by the award in 2000 of the Dorothy Hodgkin Prize by the British Crystallographic Association, certainly helped to make macromolecular crystallography an indispensable and efficient technique for structural biologists.
PerSonal life
Uli was very much a feature of life at the LMB. With his trademark bow tie and, until smoking was finally banned, his pipe, he was often to be seen in the canteen, explaining his latest ideas and designs, frequently with the aid of a diagram scribbled on a paper napkin or chocolate wrapper. He was also an excellent storyteller with a range of amusing anecdotes, many of which appear in his autobiography (19). He read widely from an early age and was particularly interested in history and the biographies of statesmen and politicians. Second-hand bookshops proved a happy hunting ground for some of the more obscure titles. He always enjoyed languages and was fluent in German and French and, at one time, had a working knowledge of Norwegian and Dutch, as well as understanding some Italian. Uli was a keen theatregoer, and a lively discussion of the latest play he had seen would often form the background to a coffee or tea break. As a bachelor Uli did a good deal of sailing, mostly in chartered boats on the south coast and in the Channel. With the family he tried dinghy sailing but never took to the competitive aspects that this entailed. He was a keen walker and many holidays were spent in the Lake District, usually staying on Buttermere. He also did quite a lot of skiing, which he continued with his family. As he became older and less physically active he enjoyed sketching and painting in watercolours.
It was on a skiing holiday in Austria in 1955 that he first met Valerie Hilton-Sergeant, who was to become his wife (figure 6). They married in 1958 and spent 46 very happy years together. They had three daughters, Elizabeth, Caroline and Annabel, who became respectively a lawyer, a doctor and a university lecturer, and seven grandchildren. Valerie died in 2004 and Uli in 2006. In the months before his death Uli wrote his scientific and personal autobiography Personal X-ray reflections (19) and saw the page proofs, though not the final publication, just before he died. Much of this memoir has drawn on his writing.
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